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II. Abstract
The present study seeks to use an animal model to examine how dietary restriction, 
physiological and non-physiological needs, and nicotine administration influence eating 
behavior.  Diets restricting proteins were fed to rats in order to assess if any abnormalities in 
feeding behavior result.  Following a plan of limited access to the restricted nutrient a 
physiological rebound occurred, involving increased selection for the restricted nutrient.  Non-
physiological needs were also be studied by observing the effect of taste modification on the 
eating behavior.  The taste of the restricted nutrient was modified to have a preferred, sweet taste 
or non-preferred, bitter taste.  Non-physiological drives to avoid unpleasant tastes were 
overridden by the physiological need for the restricted nutrient.  Furthermore, the drive to 
increase consumption of a pleasant tasting food was seen only in protein deficient rats, whereas 
rats that were not deficient in protein ate as much of the sweet tasting food as the unadultered 
food.  Nicotine administration was seen to suppress the physiological need for the deficient 
nutrient, and withdrawal of nicotine resulted in a return to the normal physiological drive for the 
restricted nutrient.  
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III.   Introduction
In today’s media driven society, the desire to be thin has led many to try different diets 
that promise weigh loss.  Some currently popular diets involve restricting major nutrients from 
the diet in order to achieve the desired look.  As these new restrictive diets become more 
popular, it becomes important to consider how the restriction of and limited access to a nutrient 
can affect eating behavior through physiological drives.  Dieting does not occur in a vacuum, and 
thus other factors need to be considered that can affect how dieting is related to eating behavior, 
such as the non-physiological drive for taste preference.  Finally, nicotine administration is often 
used as a dieting aid, and it becomes important to consider the impact this will have on restrictive 
diets.  To examine the effects of nutritional deficiency on eating behavior, this study will include 
the effects of limited access to a restricted nutrient, taste preference and nicotine administration 
and will attempt to illustrate patterns of eating behavior and dietary self-selection as they relate 
to each of the factors being studied.
A. Physiological drive of dietary restriction and eating behavior
Physiological drives are connected to the maintenance of homeostasis.  Examples of 
physiological drives include ambient temperature, need for food, and need for water.  These 
physiological drives are examples of biological necessities for survival.  A common weight loss 
strategy involves limiting access to particular foods, which is contrary to the physiological need 
for many types of nutrients.   Food deprivation can increase intake of food following the time of 
deprivation (Hetherington, Stoner, Anderson & Rolls, 2000).   Dietary restraint was shown to 
have a greater effect on overeating compared to the time interval of food restriction.  Even in 
non-energy deprived conditions, increased eating behavior can be induced in rats by limiting 
access to a preferred fatty food (Dimitriou, Rice & Corwin, 2000).  In this study, the greater the 
duration of food restriction, the greater the increase in food intake.  The shorter the duration of 
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availability to the preferred fatty food, the more fatty food was consumed during the limited 
access time.
Increased eating behavior is not limited to fatty food, but also can be induced in other 
macro and micronutrients.   Copper is an example of a micronutrient.  Rats with diets adequate in 
copper prefer copper-deficient foods, but rats with diets deficient in copper showed a preference 
for copper-adequate food (Rutkoski & Levenson, 2000).  Other energy providing macronutrients 
include proteins and carbohydrates.  Limiting the access to proteins to a one-hour interval daily 
produces a strong protein appetite during the one hour of protein availability in rats and mice 
(DiBattista, 1990).  This increase in protein appetite after a limited access to the nutrient is 
similar to the increase in fat appetite after a limited access shown by Dimitriou, et al (2000).  
However, in a restricted carbohydrate diet, there was little increase in carbohydrate appetite with 
mice and no increase with rats.  These results are interesting when compared with the evidence 
that carbohydrates are more effective than fats in flavor preference conditioning and are more 
satiating compared to isocaloric fats (Lucas & Sclafani, 1998).  Since carbohydrates are more 
satiating than fats, it could be predicted that a carbohydrate limited access diet would increase 
the carbohydrate appetite more than a fat limited access diet, but this does not occur. 
Furthermore, while carbohydrates are more satiating than fats, proteins are more satiating than 
carbohydrates.  Subjects reported a greater feeling of being full after a protein rich meal 
compared to after a carbohydrate rich meal, and subjects that ate the protein rich meal 
experienced a reduction in the appeal of protein rich foods (Hill & Blundell, 1986).
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B.  Non-physiological drive of taste preference and eating behavior
While the physiological need for nutrition can affect eating behavior, there are other 
motivations that affect eating that are not physiological.  The purpose of non-physiological 
motivations is to fulfill the desire to optimize pleasantness, and minimize displeasure. Desire for 
sweetness of food and water would be considered non-physiological.  Such a drive is not a 
biological necessity for survival.  Rats seek motivation of non-physiologic nature in the form of 
liquid containing saccharin even in the presence of cold temperatures (Balasko & Cabanac, 
1998).  Such results suggest that rats can prioritize both physiological and non-physiological 
motivations using a common currency.  This common currency is an internal system by which 
the rats balance the physiological and non-physiological needs, and determine which will be 
more prevalent at any given time.  Taste preference can be a non-physiological motivation.  Rats 
show a preference for sucrose or salt solutions over water, and water over hydrochloric acid or 
quinine solutions (Scalera, 2000).  However, this preference was overcome in cases of severe 
dehydration, in which the physiological motivation for water overcomes the non-physiological 
motivation.
C.  Nicotine and eating behavior
Smoking is often used to control weight.  Smoking is prevalent in women with disordered 
eating behavior (Pomerleau, 1997).  While there was a 10% smoking prevalence in non-dieters 
and casual dieters, dieters who met the most or all of the DMS-III-R criteria for bulimia nervosa 
showed nearly a 20% prevalence of smoking.  Furthermore, 28% of bulimics who did not purge 
and 32% of bulimics who did purge smoke regularly, compared to 18% among normal controls.  
Nicotine enters the brain where it alters the several neuroregulators, including norepinepherine, 
dopamine and serotonin.  People who use nicotine for its weight-suppressing and anorectic 
properties tend to have disinhibited eating patterns when abstaining from smoking, resulting in 
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weight-cycling or excessive weight gain.  However, Pomerleau (1997) sites possible therapeutic 
applications of nicotine in non-smokers that have depression, anxiety disorders, and eating 
disorders as co-factors.  There is an association between smoking abstinence and the desire for 
food (Ogden, 1994).  Smokers who are abstaining consumed more fat, carbohydrates, protein, 
and calories than smokers.  Body weight set point is thought to be lowered and maintained by 
nicotine exposure since the effect of nicotine on body weight set point has been shown to be 
short term and reversible, characterized by weight gain after smoking cessation (Cabanac & 
Frankham, 2002).  The use of rodent models of nicotine dependence in the laboratory has been 
widespread for the past few years (Malin, 2001) and has met many validity criteria for the study 
the dependence mechanisms and abstinence syndrome.  Intermittent nicotine administration 
decreases the body weight, food intake, meal size, inter-meal interval, and meal duration in male 
rats (Bellinger, Cepeda-Benito & Wellman, 2002) while increasing the daily meal number.  The 
same effect of lowered body weight, food intake, and meal size with an increased daily meal 
number also occurs in female rats treated with nicotine (Miyata, Meguid, Varma, Fetissov & 
Kim, 2001).  Furthermore, with nicotine cessation, the body weights of the female rats normalize 
to baseline levels measured prior to nicotine exposure.
D.  Behavioral Measures for Satiety
While there are drugs, such as nicotine, that inhibit food intake, it is possible that such 
drugs suppress the appetite because of other adverse physiological effects, such as altering 
neurochemical systems that regulate appetite or causing pain.  Animals cannot report these 
effects, so a group of normal behavioral acts, primarily orofacial and locomotor movements, 
have been used as an indication of the nonphysiological effects of drugs on food intake.  One 
method for measuring satiety in animals involves the Behavioral Satiety Sequence (BSS), which 
uses behavior as an indicator of associated physiological events for satiety (Halford, 
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Wanninayake & Blundell, 1997) involving eight behavioral categories.  Categories for analysis 
include eating, drinking, grooming, locomotion, rearing, sniffing, and resting.  As satiety 
increases, the level of resting or inactivity as defined by relaxed position with head curled to 
body or resting on the bottom of the cage, stretched out either on side or belly increases.  When 
the animals were pre-fed, the eating ceased and the resting was initiated sooner.  BSS can be 
used to measure the level of satiation for different reasons.  Behavioral measures can be used to 
determine the level of satiation when an animal is on a restrictive diet, and thus is an additional 
indication of a physiological need for food.   Behavioral measures can also be used to determine 
if nicotine’s affect is to suppress the appetite or to affect other systems in the body by 
determining the level of satiation.  The idea is that if nicotine suppresses the appetite then the rats 
will not eat as much food, and this lack of satiation can be seen in the animal’s behavior. If the 
effect of nicotine is primarily on other systems rather than eating, then the rats will not show the 
same behavioral signs of the lack of satiation.  
E. The Present Study and Hypothesis
Much research exists that studies eating behavior.  The effects of nutritional deficiency, 
taste preference, and nicotine administration have been studied to determine how each of these 
factors independently affects eating behavior.  However, there is no current research that focuses 
on how these factors relate to each other.  The effects of these factors could work in such a way 
as to outweigh one another, and thus one factor could eliminate the effect of another.  On the 
other hand, there could be a system by which the effects of these factors are balanced, so that no 
one factor completely overshadows another.  It is important to consider how these factors affect 
eating behavior together, since they are often present at the same time.  This study will attempt to 
find trends in eating behavior related to nutritional deficiency, taste preference, and nicotine 
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administration so as to determine how each of these factors affects eating behavior and one 
another.
The present study differs from past efforts because it studies multiple variables together 
and their influence on eating behavior using animal models.  The physiological drive to maintain 
homeostasis due to a restricted nutrient and the non-physiological drive associated with taste 
preference will be tested in conjunction.  Furthermore, this study will consider how nicotine 
administration and withdrawal affect eating behavior when there is a physiological need for the 
restricted nutrient and a non-physiological drive to avoid bitter tasting foods.  Nutritional 
deficiency, taste preference, and nicotine administration and their effects on eating behavior have 
not been studied at the same time before to determine if they influence each others effects.  
Common dieting methods include excessive food restriction to foods seen as unhealthy but are 
usually pleasant tasting and using nicotine to suppress the diet.  It is important to determine if 
these methods of dieting are viable by studying the effect these factors have on eating behavior 
and food intake so that dieters can assess the risks and benefits of these methods.
F. Expected Outcomes
Restricting access to the protein nutrient, and allowing access for only a limited amount 
of time is expected to affect eating behavior by showing an increase in food intake based on 
previous research, while the unrestricted diet would show no increase in food intake.  Increasing 
the palatability is expected to amplify this eating behavior, and conversely, decreasing the taste 
preference is expected to suppress this eating behavior.  It is possible that the increased food 
intake would not be suppressed at first, and the physiological drive to maintain homeostasis by 
increasing intake of the restricted nutrient will overcome the non-physiological desire for 
pleasant tasting food.  If this occurs, it is possible that once the physiological need is filled, the 
non-physiological desire will become the driving force, and then the increased intake will be 
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suppressed.  Furthermore, administration of nicotine is expected to suppress the drive to increase 
intake of the restricted nutrient, and the withdrawal of nicotine would amplify the increased 
intake eating behavior.  It is possible that the withdrawal of the nicotine will only amplify the 
eating behavior for a short period of time, and then the rats would return to a baseline eating 
pattern, or the rats could remain in a state of increased intake eating behavior.
IV. Method
A. Experiment 1
a. Animals
Sixteen female Wistar rats were employed in two separate trials (N=32 in total).  Prior to 
experimentation, each rat was handled in order to attain a level of familiarity with the 
experimenter and procedures.  The rats were individually housed in a 12/12 h light/dark cycle. 
Each trial lasted a total of five weeks, and throughout the five weeks, rats had free access to 
water.  The rats were separated into four groups, each consisting of four rats per/trial cross-
matched by weight.  Prior to initiation of the experiment each rat was weighed, and the rats were 
divided into the four groups so that weight differences were minimized between the groups.  
Furthermore, the groups were matched so that the weight differences between rats in the groups 
were minimized, meaning that the average weight of the first rats in each group were made to be 
as close to the average weight of the second, third, and fourth rats as possible.  At the conclusion 
of each trial, slides were prepared to identify the part of the estrus cycle that each rat was in.
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b. Diet preparation
Experiment 1 required the use of ten different formulated diets, in addition to a standard 
dietary “chow” which was not specifically made for this experiment.  Diets were made using dry 
ingredients and water, which was then cooked using a standard microwave until the diets 
hardened.  The first diet was a protein replete diet that consisted by weight of 50% cornstarch, 
20% sucrose, 10% protein free mix and 20% casein.  The second diet was a protein free diet that 
consisted by weight of 70% cornstarch, 20% sucrose and 10% protein free mix.  The protein free 
mix used for all diets consisted by weight of 63% sucrose, 22.5% cornstarch, 5.5% corn oil, 
6.5% cellulose and 2.5% vitamin/mineral mix.  The protein replete diet and protein deficient diet 
were both further modified using four taste adulterants.  Three of the adulterants were used to 
give the food a bitter taste, and these included citric acid (2%), sucrose octa acetate (1%), and 
quinine sulfate (0.4%).   Saccharin sodium (0.25%) was the adulterant used to give the food a 
sweet taste.
c. Baseline, week one
During the first week, rats had free access to and were maintained on “chow,” a specially 
formulated fat, protein, and carbohydrate containing diet that is enhanced with the necessary 
vitamins and minerals (Harlan Teklad).  Each animal was allowed access to 40g of “chow” daily 
on the left hand side of the cage top, and during this time, daily body weight and food intake was 
measured using a digital scale and recorded.  This phase was used to determine if there were any 
differences in food intake between the groups prior to the study that could obscure other eating 
changes.
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d. Phase 1: One-hour feeding, weeks two and three
After the one-week baseline period, two of the groups received and were maintained on a 
diet that included protein, while the other two groups received and were maintained on a diet that 
lacked protein.  Two different maintenance diets were used to determine if nutritional deficiency 
would affect body weight and food intake compared to a replete diet.  Groups 1 and 2 received a 
protein replete diet, while Groups 3 and 4 received a protein deficient diet.  Each animal was 
allowed access to 40g of the assigned diet on the left hand side of the cage top, and during this 
time daily body weight and food intake were measured and recorded.  
Three times weekly (Monday, Wednesday, and Friday) the animals underwent a one-hour 
feeding.  During this one-hour feeding there were four possible one-hour feeding diets available, 
one for each group, presented on the left hand side of the cage top in place of the normal 
maintenance diet. Group 1 received non-fresh, non-novel protein replete diet, Group 2 received a 
fresh, non-novel protein replete diet, Group 3 received a non-fresh, non-novel protein deficient 
diet, and Group 4 received a fresh, novel protein replete diet.  The one-hour meal was used to 
determine if a diet that was deficient in a particular nutrient, protein, would affect the intake of 
that nutrient when it is available compared to a diet that is not deficient.  Food intake was 
measured for all rats during this one-hour feeding, and contributed to the daily intake on those 
days. 
e. Phase 2: Preference one-hour feeding, week four and five
Rats were maintained on the same diets as phase 1 and the daily body weight and food 
intake continued to be measured and recorded.  The one-hour feedings that occurred during 
phase 1 now consisted of two available diets.  The one-hour feeding diet as assigned in phase 1 
was presented on the left hand side of the cage top.  On the right hand side of the cage top, rats 
were presented with the preference one-hour feeding diet.  The preference one-hour feeding diet 
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was either an adultered form of the one-hour feeding diet or the control form, unadultered, of the 
one-hour feeding diet.  Adultered foods were used to determine if taste preference would have 
any effect on food intake.  Furthermore, the adultered foods were used to determine if taste 
preference would affect the intake of a nutrient, protein, for rats that were maintained on a diet 
deficient in that nutrient compared to rats that were maintained on the replete diet.  The intake of 
each diet during the one-hour feeding was measured and recorded.  The diet schedule for 
Experiment 1 can be seen in Table 1.
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Table 1: Diet schedule for Experiment 1
Phase 2: Adultered one-hour feeding diet
Rat Maintenance 
Diet
Phase 1&2:
Unadultered, 
one-hour 
feeding diet Day 1 Day 3 Day 5 Day 8 Day 10 Day 12
1 Replete
Non-fresh
non-novel
replete Citric Acid Sucrose Control Quinine Saccharin Control
2 Replete
Non-fresh
non-novel
replete Sucrose Control Quinine Saccharin Control Citric Acid
3 Replete
Non-fresh
non-novel
replete Control Quinine Saccharin Control Citric Acid Sucrose
4 Replete
Non-fresh
non-novel
replete Quinine Saccharin Control Citric Acid Sucrose Control
5 Replete
Fresh
non-novel
replete Saccharin Control Citric Acid Sucrose Control Quinine
6 Replete
Fresh
non-novel
replete Control Citric Acid Sucrose Control Quinine Saccharin
7 Replete
Fresh
non-novel
replete Citric Acid Sucrose Control Quinine Saccharin Control
8 Replete
Fresh
non-novel
replete Sucrose Control Quinine Saccharin Control Citric Acid
9 Deficient
Non-fresh
non-novel
deficient Control Quinine Saccharin Control Citric Acid Sucrose
10 Deficient
Non-fresh
non-novel
deficient Quinine Saccharin Control Citric Acid Sucrose Control
11 Deficient
Non-fresh
non-novel
deficient Saccharin Control Citric Acid Sucrose Control Quinine
12 Deficient
Non-fresh
non-novel
deficient Control Citric Acid Sucrose Control Quinine Saccharin
13 Deficient
Fresh
novel
replete Citric Acid Sucrose Control Quinine Saccharin Control
14 Deficient
Fresh
novel
replete Sucrose Control Quinine Saccharin Control Citric Acid
15 Deficient
Fresh
novel
replete Control Quinine Saccharin Control Citric Acid Sucrose
16 Deficient
Fresh
novel
replete Quinine Saccharin Control Citric Acid Sucrose Control
B. Experiment 2
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a. Animals
A naïve group of rats was defined, assigned and handled in the same manner as 
Experiment 1.  At the conclusion of the trial, slides were prepared to identify the part of the 
estrus cycle that each rat was in, as was done for Experiment 1.
b. Diet preparation
Diet preparation was handled in a similar manner as Experiment 1.  The preparation of 
unadultered protein replete diet, unadultered protein deficient diet, and adultered protein replete 
diets did not change.  However, the adultered, protein deficient diets were not used in 
Experiment 2 due to the change in the procedure of the one-hour feedings (see below).
c. Baseline, week one
The baseline week was administered and recorded in the same manner as Experiment 1.
d. Phase 1: Pre-implantation, week two
After the one-week baseline period, the rats received and were maintained on a diet that 
either consisted of or lacked the macronutrient, protein.  Groups 1 and 2 received a protein 
replete diet, while Groups 3 and 4 received a protein deficient diet.  Each animal was allowed 
access to 40g of the assigned diet on the left hand side of the cage top, and during this time daily 
body weight and food intake were measured and recorded.
e. Implantation
Osmotic pumps were prepared to administer a nicotine-saline solution or a simple saline 
solution over fourteen days.  The nicotine pumps administered 3 mg of nicotine per kilogram 
body weight per day, while the saline pumps administered no nicotine.  The dose was based on 
research that indicates that 3 mg of nicotine per kilogram is comparable to humans that smoke 
approximately two packs of cigarettes a day (Bellinger et al., 2003). At the conclusion of week 
two, the pumps were implanted subcutaneously at the nape of the neck as follows:  Groups 1 and 
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3 received saline pumps, Groups 2 and 4 received nicotine pumps.  All rats were monitored for 
health following the implantation.
f. Phase 1: Nicotine administration, week three
After the implantation, the rats received and were maintained on the same diet as during 
the preimplantation part of phase 1.  Groups 1 and 2 received a protein replete diet, while Groups 
3 and 4 received a protein deficient diet.  Each animal was allowed access to 40g of the assigned 
diet on the left hand side of the cage top, and during this time daily weight and food intake were 
measured and recorded.  Nicotine or saline were being administered during this time through the 
implanted osmotic pumps.
g. Phase 2: Nicotine administration, preference one-hour feeding, week four
Rats were maintained on the same diets as phase 1 and the daily body weight and food 
intake continued to be measured and recorded.  Nicotine or saline were being administered 
during this time through the implanted osmotic pumps.  One-hour feedings were administered on 
Mondays, Wednesdays and Fridays for one week.  During the one-hour feeding, the rats were 
presented with two dietary choices.  On the left hand side of the cage top, the rats all received 
fresh, protein replete diet, which was considered non-novel for Groups 1 and 2, and novel for 
Groups 3 and 4.  On the right hand side of the cage top, rats were presented with the preference 
one-hour feeding diet.  The preference one-hour feeding diet was either an adultered form of the 
one-hour feeding diet (fresh, protein replete diet) or the control, unadultered form.  The intake of 
each diet during the one-hour feeding was measured and recorded.  The diet schedule for 
Experiment 2 can be seen in Table 2.
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Table 2: Diet schedule for Experiment 2
Phase 2 and 3: Adultered one-hour feeding diet
Rat Maintenance 
Diet
Phase 2 and 3: 
Unadultered
One-hour 
feeding diet Day 1 Day 3 Day 5 Day 8 Day 10 Day 12
1 Replete
Fresh, non-
novel replete Citric Acid Sucrose Control Quinine Saccharin Control
2 Replete
Fresh, non-
novel replete Sucrose Control Quinine Saccharin Control Citric Acid
3 Replete
Fresh, non-
novel replete Control Quinine Saccharin Control Citric Acid Sucrose
4 Replete
Fresh, non-
novel replete Quinine Saccharin Control Citric Acid Sucrose Control
5 Replete
Fresh, non-
novel replete Saccharin Control Citric Acid Sucrose Control Quinine
6 Replete
Fresh, non-
novel replete Control Citric Acid Sucrose Control Quinine Saccharin
7 Replete
Fresh, non-
novel replete Citric Acid Sucrose Control Quinine Saccharin Control
8 Replete
Fresh, non-
novel replete Sucrose Control Quinine Saccharin Control Citric Acid
9 Deficient
Fresh, novel 
replete Control Quinine Saccharin Control Citric Acid Sucrose
10 Deficient
Fresh, novel 
replete Quinine Saccharin Control Citric Acid Sucrose Control
11 Deficient
Fresh, novel 
replete Saccharin Control Citric Acid Sucrose Control Quinine
12 Deficient
Fresh, novel 
replete Control Citric Acid Sucrose Control Quinine Saccharin
13 Deficient
Fresh, novel 
replete Citric Acid Sucrose Control Quinine Saccharin Control
14 Deficient
Fresh, novel 
replete Sucrose Control Quinine Saccharin Control Citric Acid
15 Deficient
Fresh, novel 
replete Control Quinine Saccharin Control Citric Acid Sucrose
16 Deficient
Fresh, novel 
replete Quinine Saccharin Control Citric Acid Sucrose Control
h. Phase 3: Nicotine withdrawal, preference one-hour feeding, week five
The final part of the experiment was a continuation of phase 2.  Rats were maintained on 
the same diets as phase 1 and the daily body weight and food intake continued to be measured 
and recorded.  One-hour feedings were administered on Mondays, Wednesdays and Fridays for 
one week following the diet schedule shown in Table 2 in the same manner as during the 
nicotine administration part of phase 2.  The intake of each diet during the one-hour feeding was 
measured and recorded.  The final part of Phase 2 differed from the first part in that the osmotic 
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pumps were no longer administering nicotine or saline to the rats, and thus this part was 
considered a withdrawal following the chronic nicotine administration phase.
V.  Results
Results were analyzed using ANOVA (SPSS).  In order to analyze results, the data from 
trials 1 and 2 were pooled as Experiment 1, and Experiment 2 was analyzed independently.  For 
the preference one-hour feeding during Experiment 2, data from the three conditions, citric acid, 
sucrose octa acetate and quinine sulfate were pooled into a single “bitter” condition in order to 
compensate for low sample sizes.  Chi Squared analysis found no significant difference between 
the trials regarding the part of the estrus cycle each rat was in at the conclusion of each trial.  The 
number of estrus and diestrus rats was six estrus and ten diestrus rats for trials 1 and 3.  The 
number of estrus and diestrus rats for trial 2 was five estrus and eleven diestrus rats.
A. Experiment 1 results
a. Body weight results
Analysis showed that there was a significant interaction between the day of the 
experiment and the diet the rats were maintained on [F(31,868)=26.9, p<0.0001] with a main 
effect of the prepared maintenance diet on the final day of the experiment [F(1,28)=11.4, 
p<0.05].  The groups maintained on the prepared, protein deficient diet experienced weight loss 
over the course of the experiment, whereas the groups maintained on the prepared, protein 
replete diet did not. The rats maintained on the protein deficient diet weighed less at the end of 
the experiment compared to rats maintained on the protein replete diet.  The average body weight 
and standard deviation of each group by experimental day can be seen in Figure 1 for 
Experiment 1.
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Figure 1: Body Weight for Experiment 1
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b. Baseline intake results, week one
No significant main or interaction effects were found prior to treatment, meaning that the 
intake of baseline chow was not different across the four groups.
c. Circadian intake results
Analysis showed that there was a significant interaction between the day and diet of the 
rats [F(13,364)=2.4, p<0.005].  This shows that the rats adjusted their food intake of the prepared 
diets during the two-week period, but there was no difference on the last day of testing.  The 
average circadian intake and standard deviation of each group by experimental day can be seen 
in Figure 2 for Experiment 1.
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Figure 2: Circadian intake        
     for Experiment 1
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d. Phase 1: One-hour intake results, week two and three
Analysis shows that there is a significant main effect of the access to diet that is novel as 
compared to the non-novel diet [F(1,28)=11.5, p<0.005] as well as a significant interaction 
between the diet novelty and diet the rats were maintained on [F(1,28)=3.7, p<0.05].  This means 
that during the one-hour feeding, the rats ate more of the fresh diet than the non-fresh diet.  
Furthermore, rats that were maintained on the prepared, protein deficient diet showed more of a 
preference for and thus had an increased intake of the fresh diet than rats maintained on the 
prepared, protein replete diet.  The average one-hour intakes and standard deviations of each 
group by each experimental one-hour feeding day can be seen in Figure 3 for Experiment 1.
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Figure 3: Phase 1 One-hour intake 
for Experiment 1
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e. Phase 2: Preference one-hour feeding results, week four and five
With regards to the unadultered diet presented during the preference one-hour feeding, 
analysis showed that there was a main effect of the maintenance diet [F(1,28)=18.9, p<0.0001] 
as well as a significant interaction between the novelty of the diet presented and the diet choice 
presented[F(1,28)=13.1, p<0.001].  This means that rats maintained on the protein deficient diet 
had a higher food intake during the one-hour meal than the rats maintained on the protein replete 
diet.  Furthermore, consumption of the fresh, novel diet increased gradually over time whereas 
the consumption of non-fresh, non-novel diet remained consistent over time.  The average 
unadultered one-hour food intake and standard deviation for each group for each experimental 
day can be seen in Figure 4 for Experiment 1.
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Figure 4:Phase 2:Preference one-hour feeding intake 
for Experiment 1
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With regards to the adultered diets presented during the preference one-hour feeding, 
analysis showed a significant main effect of taste with regards to intake [F(5,140)=9.6, 
p<0.0001] as well as a significant main effect of the maintenance diet [F(1,28)=4.6, p<0.05].  
Diets that were adultered with saccharin sodium had a sweet taste and were consumed at the 
same level of intake as the unadultered control diets.  Diets that were adultered with citric acid, 
sucrose octa acetate and quinine sulfate had a bitter taste and were consumed at a lower level of 
intake than the unadultered control diets.  Furthermore, regardless of the adulterant, rats that 
were maintained on the protein deficient diet consumed significantly more of the adultered diets 
than the rats maintained on the protein replete diet.  Trends in adultered one-hour intake 
consumption can be seen in Figures 5 through 10 for Experiment 1.
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Figures 5 through 10: Phase 2: Preference one-hour feeding intake for Experiment 1
Figure 5: Citric Acid Figure 6: Sucrose Octa Acetate
Figure 7: Quinine Sulfate Figure 8: Saccharin Sodium
Figure 9:  Control Figure 10: Control
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B. Experiment 2 results
a. Body weight results
As with Experiment 1, analysis showed that there was a significant interaction between 
the day of the experiment and the diet the rats were maintained on [F(35,420)=38.3, p<0.0001] 
with a main effect of the prepared maintenance diet on the final day of the experiment 
[F(1,12)=17.8, p<0.001]. The groups maintained on the protein deficient diet experienced weight 
loss over the course of the experiment, whereas the groups maintained on the prepared, protein 
replete diet did not.  The rats maintained on the protein deficient diet weighed less at the end of 
the experiment compared to rats maintained on the protein replete diet.  The average body weight 
and standard deviation for each group can be seen by experimental day in Figure 11 for 
Experiment 2.
Figure 11: Body weight for Experiment 2
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b. Baseline intake results
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No significant main or interaction effects were found prior to the beginning of treatment 
involving diet and treatment factors.  This means that the intake of baseline chow did not differ 
across the four groups.
c. Circadian intake results
Analysis showed that there was a significant interaction between the day and diet of the 
rats [F(7,84)=3.1, p<0.01].  This shows that the rats adjusted their food intake of the prepared 
diets during this period, but there was no difference on the last day of testing.  The average 
circadian intake and standard deviation for each group on each experimental day during the 
preimplantation part of phase 1 can be seen in Figure 12.
Figure 12: Phase 1: Preimplantation circadian intake
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During the nicotine administration part of phase 1, the nicotine administration part of 
phase 2, and the phase 3 nicotine withdrawal part of the experiment, analysis showed that there 
was a significant main effect of the maintenance diet on intake [F(1,12)=4.8, p<0.05, 
F(1,12)=25.9, p<0.0001, and F(1,12)=7.2, p<0.05 respectively].  This shows that the rats 
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maintained on the protein deficient diet ate had larger intake than rats maintained on the protein 
replete diet.  The average circadian intake and standard deviation for each group on each 
experimental day during nicotine administration part of phase 1 can be seen in Figure 13. The 
average circadian intake and standard deviation for each group on each experimental day during 
the nicotine administration part of phase 2 can be seen in Figure 14.  The average circadian 
intake and standard deviation for each group on each experimental day during the nicotine 
withdrawal part of phase 3 can be seen in Figure 15.
Figure 13: Phase 1: Nicotine administration
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Figure 14: Phase 2: Nicotine administration  
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Figure 15: Phase 2: Nicotine withdrawal
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d. Phase 2: Nicotine administration preference one-hour feeding intake results
With regards to the unadultered diets presented, analysis showed that there was a 
significant main effect of the novelty of the diet presented [F(1,12)=34.0, p<0.0001] as well as a 
significant interaction of the day of the experiment and the and maintenance diet [F(2,24)=7.1, 
p<0.005].  Rats showed a preference for the non-novel diet compared to the novel diets overall.  
Overall intake increased in the group maintained on the protein replete diet and overall intake 
decreased in the group maintained on the protein deficient diet over time.  The average 
unadultered one-hour feeding intake and standard deviation for each group on each experimental 
day during the nicotine administration part of phase 2 can be seen in Figure 16.
Figure 16: Phase 2 Nicotine Administration 
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e. Phase 3: Nicotine withdrawal preference one-hour feeding intake results
With regards to the unadultered diets presented, analysis showed a significant main effect 
of the novelty of the diet presented [F(1,12)=64.3, p<0.0001] as well as a significant interaction 
between the maintenance diet and the novelty of the diet [F(1,12)=19.1, p<0.001].  This shows 
that the intake of the non-novel diet was higher overall.  This preference was exaggerated in rats 
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maintained on the protein deficient diet compared to the group maintained on the protein replete 
diet.  The average unadultered on-hour feeding intake and standard deviation for each group on 
each experimental day during the nicotine withdrawal part of phase 3 can be seen in Figure 17.
Figure 17: Phase 3 Nicotine Withdrawal Preference 
One-Hour Feeding Intake
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f. Phase 2 and Phase 3: preference results
With regards to the adultered diets presented during the one-hour feeding, analysis showed a 
significant main effect of the nicotine administration on the consumption of the bitter diets 
[F(1,33)=4.2, p<0.05].   Nicotine administration was shown to suppress the ingestion of the bitter 
diets compared to untreated controls.  Nicotine withdrawal was shown to increases the ingestion 
of the bitter diets compared to untreated controls.  Trends in “bitter” adultered one-hour feeding 
intake consumption can be seen in Figure 18.
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Figure 18: “”Bitter” Intake
VI. Discussion
In order to detect non-specific effects of treatments, it is important for the rats to be 
matched prior to experimentation, and it is important to monitor overall intake and body weight.  
Rats were divided into groups that were matched by body weight prior to experimentation.  In 
addition, the groups showed no significant differences across trials regarding the portion of the 
estrus cycle each rat was in.  Furthermore, prior to the beginning of the nutritional manipulations, 
all rats in all trials had access to rat chow to determine if there were any differences in intake 
patterns prior to experimentation.  No significant difference was found regarding the daily intake 
of baseline chow for all the trials, showing that the groups did not differing in the amount of food 
eaten daily prior to the experiment.  Therefore, differences in intake after the initiation of 
nutritional manipulation can be attributed to the treatment of each group.
Nutritional deficiency and limited access to the restricted nutrient appears to have effects 
on body weight.  In both experiments, Groups 1 and 2 were maintained on the protein replete 
diet, while Groups 3 and 4 were maintained on the protein deficient diet.  For both Experiment 1 
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and Experiment 2, the groups were matched according to weigh prior to initiation of the 
experiment.  However, by the end of the experimentation, the differences between the groups in 
body weight had changed dramatically.  Groups 3 and 4 experienced weight loss, while Groups 1 
and 2 showed slight weight gain.  This weight change indicates that rats maintained on the 
protein deficient diet lost body weight over the course of the experiment, while rats maintained 
on the protein replete diet maintained or gained body weight over the course of the experiment.  
During Experiment 1, rats maintained on the protein deficient diet ate more during the one-hour 
feeding when presented with protein replete diet, as shown by Group 4.  This increased intake 
during the one-hour feeding might compensate for some of the weight loss, which could explain 
why Group 4 experienced less weight loss than Group 3.  Limited access to the restricted nutrient 
could compensate for weight loss due to the maintenance diet through the increased intake 
during the limited access feeding.  This same weight loss due to the protein deficient 
maintenance diet can also be seen in Experiment 2.   
Throughout phase 1 of all the trials, the rats adjusted their food intake of the prepared diets 
but there was no difference on the last day of testing.  In Experiment 1, this circadian intake 
period was complimented by one-hour feedings, and changes in the circadian intake day to day 
could have to do with whether the rats experienced a one-hour feeding that day.  However, in 
Experiment 2, there were no one-hour feedings during phase 1, so changes in circadian intake 
could not be due to the same factor.  In Experiment 2, the rats maintained on the protein deficient 
diet ate more than the rats maintained on the protein replete diet, which is consistent with the 
idea that food deprivation can increase intake of food following the time of deprivation 
(Dimitriou et al., 2000; Hetherington et al., 2000; Rutkoski & Levenson, 2000).   A diet that is 
deficient in protein is not as satiating as a replete diet (Hill & Blundell, 1986), and the lack of 
satiation due to the absence of protein could account for the increased intake of food.  In 
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Experiment 1, Group 3 was maintained on the protein deficient diet and received protein 
deficient diet during the one-hour feeding, thus not having the opportunity to eat protein to be 
satiated.  This lack of satiation can be seen in the fact that Group 3 tended to have the largest 
circadian intake compared to the other groups that either were maintained on the protein replete 
diet or had access to protein during the one-hour feeding.  However, Group 3 in Experiment 1 
adjusted food intake day to day, as did the other groups, so the effect of protein deficiency on 
circadian intake is not as clear.
The degree to which food presented during the one-hour feeding was fresh and novel 
appears to have an affect on the level of food intake during that one-hour period for Experiment 
1.  During the one-hour feeding, rats ate more of the fresh diet than the non-fresh diet.  Fresh 
food appears to have a greater appeal resulting in increased intake regardless of the diet 
maintenance condition, though the maintenance diet can exaggerate this effect.  The rats that 
were maintained on the protein deficient diet showed more of a preference for the fresh diet than 
rats maintained on the protein replete diet, and this preference was expressed in an increased 
intake.  For the rats maintained on the protein deficient diet, the fresh diet was also the novel 
diet, since it was replete in protein.  Therefore, the addition of novelty of the food increased the 
intake in addition to the freshness of the food.  The desire to consume more of the novel food is 
related to the existence of the nutrient that is otherwise restricted in that food, so that rats ate 
more of the food that was able to provide protein.   Such results are consisted with previous 
research that shows limiting the access to protein produces a strong protein appetite when the 
protein is available (DiBattista, 1990).
Nutritional deficiency does affect eating behavior.  Restricting access to protein, a satiating 
macronutrient, results in weight loss in rats.  Rats that are maintained on a protein deficient diet 
will eat more of the maintenance diet than rats maintained on a protein replete diet, as shown in 
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Experiment 2.  However, one-hour supplemental feedings affect the amount of food eaten daily, 
so that the rats will adjust their intake daily.  While the freshness of food is related to intake, so 
too is the novelty of the food, meaning that rats maintained on a protein deficient diet ate more of 
the fresh, novel diet than the non-fresh, non-novel diet.  Therefore, the protein deficient rats 
chose to eat more of the available diet with protein.  On the other hand, rats maintained on the 
protein replete diet also ate more of the fresh diet, showing that freshness is also a factor, not 
simply novelty in the form of a nutrient not normally available.  While these results are 
consistent with previous research, there are other factors that affect eating behavior, such as the 
non-physiological drive to appease taste preferences and nicotine administration.  To create a 
complete picture of the effects of nutritional deficiency on eating behavior, it is important to 
consider how these other factors affect eating as well as how the factors influence one another.
During phase 2 of Experiment 1, rats maintained on the protein deficient diet had a higher 
food intake of the unadultered food during the one-hour meal than the rats maintained on the 
protein replete diet.  Furthermore, consumption of the fresh, novel diet increased gradually over 
time whereas the consumption of non-fresh, non-novel diet remained consistent over time.  
Moreover, diets that were adultered with saccharin sodium had a sweet taste and were consumed 
at the same level of intake as the unadultered control diets.  On the other hand, diets that were 
adultered with citric acid, sucrose octa acetate and quinine sulfate had a bitter taste and were 
consumed at a lower level of intake than the unadultered control diets.  Moreover, regardless of 
the adulterant, rats that were maintained on the protein deficient diet consumed significantly 
more of the adultered diets than the rats maintained on the protein replete diet.  These results 
show that the rats balance their physiological need for a nutrient with the non-physiological 
desire to eat more of a pleasant food and less of an unpleasant food.  This balancing of 
physiological and non-physiological needs is consistent with the idea that rats utilize an internal 
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system to balance needs using a common currency (Balasko & Cabanac, 1998).  In cases where 
the rats are deficient in protein, the physiological drive for that nutrient outweighs the desire to 
avoid unpleasant foods.  When there is no physiological need for a nutrient, the non-
physiological drives are stronger, and the rats will avoid the bitter tasting foods, as indicated in 
previous research (Scalera, 2000).
The non-physiological drive of taste preference affects eating behavior, but such an effect 
is more pronounced when there is a nutritional deficiency.  Rats were expected to eat more of the 
sweet tasting food, but this increased intake was only seen in the rats maintained on the protein 
deficient diet.  Rats that were maintained on the protein replete diet showed no such increase in 
intake beyond intake of the unadultered food.  However, the non-physiological drive to avoid 
bitter food was seen in rats maintained on the protein replete diet, and nutritional deficiency was 
shown to decrease this suppression due to taste preference.  Therefore, the physiological drive to 
compensate for nutritional deficiency can outweigh the non-physiological taste preference drive, 
which has been suggested in previous research.  However, other factors can influence this 
balancing, such as nicotine administration.
Nicotine administration appears to have some affect on the one-hour feeding intake for 
Experiment 2.  Specifically, rats showed a preference for the non-novel diet compared to the 
novel diets overall.  Overall intake increased in the group maintained on the protein replete diet 
and overall intake decreased in the group maintained on the protein deficient diet over time.   Of 
the groups maintained on the protein deficient diet, the rats receiving nicotine had a lower intake 
of the unadultered diet than the rats receiving saline through the osmotic pumps, which is 
consistent with previous research showing a suppression of food intake due to nicotine 
administration (Bellinger et al., 2002; Miyata et al., 2001).  The administration of nicotine to the 
rats on the protein replete diet did not have the same effect.  During the withdrawal phase of 
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nicotine administration, the intake of the non-novel diet was higher overall.  This preference was 
exaggerated in rats maintained on the protein deficient diet compared to the group maintained on 
the protein replete diet. Therefore, the suppression of intake experienced by Group 3 due to 
nicotine administration was not longer present when the nicotine was no longer being 
administered, which is consistent with studies showing that nicotine withdrawal results a return 
to normal, baseline food intake (Miyata et al., 2001). In regards to the preference testing during 
the one-hour feeing, nicotine administration was shown to suppress the ingestion of the bitter 
diets compared to untreated controls that received saline.  Nicotine withdrawal was shown to 
increases the ingestion of the bitter diets compared to untreated controls.  Such results show that 
the administration of nicotine can outweigh the physiological need for a nutrient.  While in 
Experiment 1, the rats maintained on the protein deficient diet showed an increased intake of 
bitter tasting food, nicotine suppresses this physiological need for a nutrient, while the non-
physiological drive to avoid bitter tasting foods still exists.
Nicotine administration affected the balancing of physiological and non-physiological 
drives.  Administering nicotine decreased the effect of the physiological drive to increase intake 
of a restricted nutrient, regardless of the taste of the nutrient, and withdrawal of nicotine saw a 
return to the physiological drive to increase intake of a restricted nutrient.  The return to the 
increased intake of the restricted nutrient occurred despite the taste of the nutrient, and thus rats 
no longer receiving nicotine ate more of the bitter tasting food that had the restricted nutrient 
than during nicotine administration.
VII. Conclusion
Nutritional deficiency and nicotine administration does affect eating behavior and dietary 
self-selection.  Diets that restrict a major nutrient have been shown to result in weight loss, but 
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the deficiency of a nutrient results in a physiological need to obtain that nutrient.  Therefore, 
limited access to that nutrient can result in increased intake of that nutrient, which serves to 
decrease the degree of weight loss.  The physiological need to obtain a restricted nutrient can 
override the non-physiological drive to avoid unpleasant tasting food.  Nicotine administration 
can serve to suppress this physiological need for a restricted nutrient, but removal of nicotine 
shows a return to the physiological need for the nutrient.
Due to the increase in restrictive diets, it is important to consider how nutritional 
deficiency affects health and weight loss.  Further research should consider the effects limiting a 
major nutrient would have on the body in ways other than body weight.  Furthermore, while 
nicotine can be seen as a way to supplement a diet, it is important to consider the other possible 
adverse health effects nicotine would have on health, and if nutritional deficiency would serve to 
amplify these adverse affects.
Nutritional deficiency and eating behavior   38
VIII. Acknowledgements
I would like to thank Professor Stephen Heinrichs of the Psychology Department for all 
of his help.  I would not have been able to complete my study without his guidance and patience.  
Professor Heinrichs always made himself available to answer questions and keep supplies in 
stock, so that the study ran smoothly.  Not only did Professor Heinrichs give up his time to offer 
superb direction, but he also gave up many hours to help feed and weigh my animals when I was 
unable to.  
I would also like to thank Jared Walsh for his help in feeding and weighing my animals 
when I was unable to. The many rats that would have gone hungry if not for him would also 
thank Jared.
Stephen Dunlap also deserves a big thank you for his assistance in the recovery of an 
escaped rat.  Without Steve, I cannot be sure how long I would have been attempting to cajole 
my escaped rat out from behind the racks. 
Last, but not least, I would like to thank all of the staff in the Animal Facility in Higgins, 
where my study took place.  The animal care staff took good care of my rats, changing their 
bedding and water bottles while also keeping the facility clean and orderly.  The staff members 
were always friendly, and they made my time in the laboratory especially enjoyable.  Thank you.
Nutritional deficiency and eating behavior   39
IX. References
Balasko, Martha; Cabanac, Michel.  (1998).  Motivational Conflict Among Water Need, 
Palatability, and Cold Discomfort in Rats.  Physiology & Behavior.  65:  35
Bellinger, Larry; Cepeda-Benito, Antonio; Wellman, Paul J.  (2002).  Meal patterns in male rats 
during and after intermittent nicotine administration.  Pharmacology Biochemistry and 
Behavior.  74:  495
Cabanac, Michel; Frankham, Patrick.  (2002).  Evidence that transient nicotine lowers the body 
weight set point.  Physiology & Behavior.  76:  539
Corwin, R. L.  (2000).  Biological and Behavioral Consequences of Food Restriction.  Appetite.  
34:  112
DiBattista, David.  (1990).  Effects of Time-Restricted Access to Protein and to Carbohydrate in 
Adult Mice and Rats.  Physiology & Behavior.  49:  263
Halford, Jason C. G.; Wanninayake, Shamila C. D.; Blundell, John E.  (1997).  Behavioral 
Satiety Sequence (BSS) for the Diagnosis of Drug Action on Food Intake.  Pharmacology 
Biochemistry and Behavior.  61:  159
Hetherington, M. M.  (2000).  Effects of acute food deprivation on eating behavior in eating 
disorders.  International Journal of Eating Disorders.  28:  272
Hill, Andrew J.; Blundell, John E.  (1986).  Macronutrients and satiety: The effects of a high-
protein or high-carbohydrate meal on subjective motivation to eat and food preference.  
Nutrition & Behavior.  3:  133
Lucas, François; Sclafani, Anthony.  (1998).  Differential Reinforcing and Satiating Effects of 
Intragastric Fat and Carbohydrate Infusions in Rats.  Physiology & Behavior.  66: 381
Nutritional deficiency and eating behavior   40
Malin, David H.  (2001).  Nicotine dependence Studies with a laboratory model.  Pharmacology 
Biochemistry and Behavior.  70:  551
Miyata, Go; Meguid, Michael M..; Varma, Madhu; Fetissov, Serguei O.; Kim, Hyune-Ju.  
(2001).  Nicotine alters the usual reciprocity between meal size and meal number in 
female rat.  Physiology & Behavior.  74:  169
Ogden, Jane.  (1994).  Effects of Smoking Cessation, Restrained Eating, and Motivational States 
on Food Intake in the Laboratory.  Health Psychology.  13:  114
Pomerleau, Cynthia S. (1997).  Co-factors for smoking and evolutionary psychobiology.  
Addiction.  92: 397
Rutkoski, Nancy J.; Levenson, Cathy W.  (2000).  Self-selection of copper-containing diets by 
copper-deficient and overloaded rats.  Physiology & Behavior.  71:  117
Scalera, G.  (2000).  Taste preference and acceptance in thirsty and dehydrated rats.  Physiology 
& Behavior.  71:  457
